Abstract. An improved synthesis using microwave heating affords (C 6 H 4 PO(OCH 3 ) 2 ) 2 in excellent isolated yield (95 %). The ligand properties of this bisphosphonateester were explored towards hard metal centers M 2+ (M = Ca, UO 2 ) and M 3+ (M = La, Ce, Sm, Eu) resulting in coordination polymers, for which the reduction of ionic size of the
Introduction
Owing to their unique physical properties, lanthanide nitrate based coordination polymers have attracted substantial interest over several decades in addition to their interesting structural features. [1] [2] [3] [4] Therefore such coordination polymers are relevant in a wide range of technological fields, such as medicine, LEDs, lanthanide separation, etc. [5] The most frequently used binding sites in metal-organic frameworks or coordination polymers are carboxylates or nitrogen bases. [1, 6] In recent times phosphonates are being explored due to the possibility of accessing new metal phosphate morphologies. [7] In contrast, neutral phosphonate esters have not been so widely explored as ligands. [3, 8] Very recently we reported an optimized synthesis of such ditopic phosphonate esters giving improved yields at reduced reaction times using microwave heating. [9] This stimulated us to explore the solvent free microwave assisted synthesis of (C 6 H 4 PO(OMe) 2 ) 2 which has been mentioned in literature before however with very limited characterization. [10] So far the ligand properties have been explored with cadmium [11] and manganese [12] as central metal atoms, affording a two-dimensional coordination polymer. Herein we further report the use of this ligand for complexation with lanthanides and earth alkaline metals, as well as uranium.
Results and Discussion
Starting from 4,4Ј-dichloromethylbiphenyl and trimethyl phosphite we have been able to prepare compound L on a multigram scale in excellent yield using microwave heating (Scheme 1). The 31 P NMR spectrum in solution shows a signal at δ = 28.9 ppm split to a multiplet owing to phosphorus proton coupling ( 2 J PH = 22 Hz) and is in a similar region as closely related compounds. [9] Solid L shows two IR bands characteristic for phosphonates derivatives at 1246 and 1178 cm -1 . [8, 9] Scheme 1. Synthesis of L and coordination polymers 1a-1f.
Compound L crystallizes in space group P1. Owing to an inversion center located at the central C-C bond, only half of the ligand is present in the asymmetric unit resulting in coplanar arrangement of the phenyl rings (Figure 1. ). The P=O 
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bond length is 1.4619(16) Å and within standard deviation for similar bonds. [3, 9, 13] The P-O single bonds are 1.5812(16) and 1.5778(15) Å respectively. The angles around the phosphorus atom cover a range of 101.31(9) to 115.73(9)°. They show slight deviation from tetrahedral angles due to interactions between neighboring molecules.
The formation of coordination polymers can be achieved by slow evaporation of a methanol solution of L and a corresponding Ln(NO 3 ) 3 salt. Only in case of lanthanum, cerium, samarium, and europium it was possible to obtain single crystals of good quality for X-ray analysis. Two new types of structures were found. In addition, all compounds were also characterized by elemental analysis and IR spectroscopy. The coordination polymers 1a and 1b show two almost identical vibrational bands at 1206 and 1172 cm -1 and are shifted towards lower wavenumbers compared to the uncoordinated ligand L. The bands for 1c and 1d are also almost identical at 1201 and 1164 cm -1 yet slightly shifted compared to 1a, 1b. The large shift of the P-O vibrational band in both free the ligand (1178 cm -1 ) and its complexes compared with the previously published ligand (C 6 H 4 PO(O i Pr) 2 ) 2 (1105 cm -1 ) is due to the different steric situation as a consequence of the reduced size of the substituents at the oxygen atoms in 1a-1d.
The coordination polymers of lanthanum 1a and cerium 1b are isostructural. Therefore only the cerium structure will be described, which is representative for both. The polymer crystallizes in space group P2 1 and the asymmetric unit consists of one Ce(NO 3 ) 3 Going down the line to samarium 1c and europium 1d, again isostructural coordination polymers have been found albeit with different binding motif compared to coordination polymers 1a, 1b. Only the structure of the samarium compound 1c will be described, which is also representative for 1d. The polymer crystallizes in space group P1. Formally the asymmetric unit is built of one Sm(NO 3 ) 3 The bond lengths between the samarium and nitrate oxygen atoms are in the range of 2.487(3) to 2.531(4) Å and slightly smaller than those found for the cerium derivative, which is in accordance with the smaller ionic radius of samarium compared to cerium. The bonds between samarium and the phosphonate ester oxygen atom are as well slightly shorter covering the range from 2.325(3) to 2.380(3) Å. Two ligands bridge two central metal atoms, thus forming a dimer. Those dimers are bridged by a third ligand forming a 1D chain ( Figure 5 ). The ARTICLE biphenyl units within the dimers show a disorder in half of the phenyl units leading to dihedral angles of 33.6(3) and 44.4(3)°b etween the phenyl units. In contrast, in the bridging ligand the biphenyl unit is planar. The distance between the central metal atoms of the dimeric part is 15.488 Å, while that between two dimers amounts to 18.791 Å. The general topology of 1c and 1d is related to other 1D polymeric structures based on d-block metals with macrocyclic arrangements containing lateral π-systems. [14, 15] For the sake of comparison the calcium analog 1e was investigated as well. The calcium coordination polymer crystallizes in space group I42d. In the asymmetric unit the calcium atom is found on a fourfold axis with half of a nitrate and ligand. Due to the high symmetry the repeating unit of the coordination polymer is [Ca(NO 3 ) 2 L 2 ]. The coordination environment of one calcium ion consists of two bidentate nitrate and four phosphonate units as ligands, which adds up to a total coordination number of 8. The bond length between the calcium and oxygen atoms of nitrate is 2.572(8) Å and thus in a similar range as in 1b. As expected the contact between the calcium ion and the oxygen atom of the phosphonate ester unit is shorter than in the previously discussed coordination polymers, 2.331(11) Å. The structural motif consists of a square pattern within one sheet, with distances between neighboring calcium atoms of 18.237 Å. The next sheet is intertwined with the first one forming a mesh network ( Figure 6 ). Using uranium as coordination center, starting from uranyl nitrate, the respective coordination polymer 1f gives a onedimensional zigzag type polymer backbone (Figure 7 ). In the solid state 1f crystallizes in space group P1, where in the asymmetric unit the uranium atom is located on an inversion center. This corresponds formally to an occupation of half an uranyl unit with one bidentate nitrate ligand and in addition one half of ligand L. Therefore, the repeating unit of coordination polymer 1f can be described as [UO 2 (NO 3 ) 2 L], which is further corroborated by the composition based on elemental analysis. The coordination number of uranium atom is 8, for which a hexagonal bipyramidal arrangement is observed (Figure 8.) . The bond lengths of uranium to oxygen atoms of nitrate unit are 2.525(4) and 2.509(4) Å. The bond length between the uranium and the phosphonate-based oxygen atom is 2.365(3) Å which, in agreement with other examples, is shorter than the corresponding contact to the nitrate. The distance between two uranium atoms in the polymer backbone is 14.152 Å, which is considerably shorter than the intermetallic distances of polymers 1a-1e. Given the unique luminescence behavior of some of the elements involved, we explored the photophysical properties of ligand L and the europium and uranyl coordination polymers 1d, f in the solid state. The ligand itself shows an emission quantum yield of 29 % at the excitation wavelength of 366 nm with an emission maximum at 417 nm ( Figure 9 ).
The excitation spectrum of polymer 1d shows a hypsochromic shift of the ligand based excitation to 332 nm. The europium based excitation remains unchanged compared to Eu(NO 3 ) 3 that was used as a starting material. The emission spectra obtained from ligand centered excitation at 332 nm can be assigned to all seven literature known europium emissions suggesting an antenna like effect energy transfer from ligand to metal, with quantum yield of 32 % (Figure 10 ). The photophysical properties of the europium coordination polymer revealed a similar antenna effect as in related coordination poly-ARTICLE Figure 9 . Normalized excitation and emission of solid ligand L. mers quantum yields have been observed. [9] The uranium coordination polymer 1f shows characteristic uranium-centered emissions (spectra provided in Supporting Information). Ligand-centered excitation at 283 nm results in both uranyl-and ligand-centered emission suggesting a very poor antenna effect in this case. On the other hand metal-centered excitation at 415 nm results exclusively in uranyl-centered emission and no radiative energy transfer to the ligand is observed. Independent of the excitation wavelength (415 nm or others), the uraniumcentered emissions show very low quantum yields (Ͻ1 %) suggesting higher vibrational relaxation in case of phosphonate ester coordination. [16, 17] 
Conclusions
To conclude, we have explored the ligand properties of (C 6 H 4 PO(CH 3 ) 2 ) 2 towards selected lanthanides, calcium, and uranium for the first time. In case of the lanthanide coordination polymers the reduction of ionic size of the central metal atom resulted in lower-dimensional structural motifs of the polymer. In case of lanthanum and cerium a two-dimensional interpenetrated sheet polymer was obtained. On the other hand samarium and europium form a one-dimensional polymer with macrocyclic units containing laterally assembled π-systems within the polymeric chain. Calcium and uranium showed similar affinity for phosphonate ester coordination as the lanthanides mentioned before forming 1D coordination polymers as well. In the future we would like to take advantage of the structural variety of phosphonates to further explore the ligand behavior towards f-block metals in analogy to the rich coordination chemistry of the isolobal silanetriols. [18] [19] [20] [21] 
Experimental Section
All chemical were purchased from Sigma-Aldrich or TCI and used without further purification. NMR measurements were done on Varian 400 MHz and 500 MHz spectrometers. Infrared (IR) spectra were recorded with a Bruker ATR IR spectrometer with diamond probe. The microwave assisted synthesis was performed in a CEM DISCOVER-SP reactor in pyrex vessels closed with Activent-lids. Excitation und emission spectra as well as luminescent quantum yields (absolute method) measurements were carried out with a Hamamatsu C11347 system. For the refinement of the data ORIGIN 2017 was used. Combustion analyses were performed at the Institut für Chemie, Universität Kassel on a HEKAtech Euro EA elemental analyzer. Samples were prepared in a Sn cup and analyzed with added V 2 O 5 to ensure complete combustion. X-ray diffraction was performed with a STOE IPDS 2 with image plate (diameter 34 cm) using Mo-GENIX source (λ = 0.71073 nm) and a STOE StadiVari with DECTRIS PILATUS 200K using Mo-GENIX source (λ = 0.71073 nm). Structures were solved using the dual space method (SHELXT [22] ) and are refined against F 2 with SHELXL-2014. [23] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed on adjacent atoms using a riding model. Further programs used in structure analysis are the WinGX, [24] Mercury, [25] and Platon. [26] Details of the structure determinations and refinement for L and 1a-1f are summarized in Table 1 . 
Synthesis of 4,4Ј Bis(dimethylphosphorylmethyl)biphenyl (L):
In a microwave flask 4,4'-bis(chloromethyl)biphenyl (1.5 g, 6 mmol) was placed together with trimethyl phosphite (10 mL, 84 mmol). The reaction mixture was heated in a microwave reactor at 160°C (200 W) under autogenous pressure for 0.5 h. After cooling to room temperature the flask was left open for 5 min and was placed back in the microwave reactor for 1 h under same conditions. The resulting solution was concentrated under reduced pressure, which resulted in precipitation of a white solid. The resulting solid was filtered and washed with cold npentane and dried under reduced pressure. The product was recrystallized from acetone giving 2.3 g of crystalline product affording 95 % yield based on bis(chloromethyl)biphenyl. 
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